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1 Introduction  

 

1.1 Motivation  

 

State governments are required by law to load rate all state-owned structures and to 

ensure the rating of local government structures (Hearn 2014). Load ratings establish safe 

loading limits for heavy truck traffic, and load posting is required to restrict bridge use when a 

bridge is deemed insufficiently safe to support legal loads. Nebraskaôs bridge inventory is subject 

to concerns particular to rural Mid-America, where a significant portion of transportation 

infrastructure was built off-system from state and national highway networks, and in many cases 

the bridges are aged and approaching or exceeding design lives. These same bridges are now 

desired to carry heavy husbandry vehicles or crop harvests. 

The National Bridge Inventory (NBI 2019) reports that 10% of all bridges in the United 

States, and 19% of bridges in Nebraska (98% of which are locally owned), are posted to limit the 

allowable load on the bridge. The NBI also reports the design loading for 89% of posted bridges 

in Nebraska as ñunknownò, reflecting the bridgesô age and off-system locations. Load postings 

can require truck rerouting, which generates negative economic and environmental impacts. It is 

therefore desirable to reduce the number of load posted bridges in the existing inventory. 

Load posting is generally removed by either retrofitting to enhance the capacity of a 

particular asset, or performing a more rigorous load rating evaluation with physical load testing 

and/or refined analysis. Bridges can often carry appreciably higher loads than those used for 

design, because design procedures typically use conservative analytical modeling 

simplifications. More rigorous analysis can reveal the margin of reserve capacity beyond design 

loads accommodated by realistic load distribution among structural elements, but requires time 

and expertise on the part of the load rating engineer. The costs of designing, installing, 



 

inspecting, and maintaining a retrofit must be compared to the costs of conducting a load test or 

refined analysis to determine the most efficient bridge management approach for each asset. This 

study aims to provide a supplementary tool that will enable a load rating engineer to quickly and 

easily estimate the likely benefit available from more rigorous evaluations. 

1.2 Load Ratings 

 

Load ratings are used to assess the load-carrying capacity of bridges, and are expressed as 

rating factors (RFs). The rating is the ratio of the available capacity of the bridge (i.e., total 

capacity reduced to account for permanent loads) to the required load effect produced by a rating 

vehicle. The rating factor is exactly 1 when the available capacity equals the required demand, 

more than 1 when the bridge has a higher capacity than the demand, and less than 1 when the 

demand is higher than the available capacity. Typical load rating is performed at two rating 

levels: Inventory and Operating. Inventory capacity describes the lower bound of the safe load 

capacity, which can be applied indefinitely, and corresponding to a reliability index that is 

consistent with current design codes. The operating capacity describes the maximum load 

capacity that a structure can nominally safely withstand, corresponding to a lower reliability 

index than the one used in typical design today. Bridges with Operating RFs less than 1 are 

further assessed using Legal loads, which are typically a suite of truck configurations and can 

vary by state. A bridge with a Legal RF less than 1 must be posted to warn and restrict heavy 

vehicles from traversing the bridge. 

For girder bridges, engineers determine the RF for each girder of the bridge in question, 

and the girder with the lowest rating factor governs the load rating. Load rating engineers 

analyze each component and connection subjected to a ñsingle force effectò (e.g. axial force, 

flexure, or shear) (AASHTO LRFD 2013). The general load rating equation, shown in Eqn. 1, is 



 

written as a function of nominal capacity (C), dead load (D), live load effect (LL), and impact 

factor (IM). 

 

 

ὙὙὙὙ  =  
ɮὅὅ  ὨὨ  zὈὈ 

ὒὒ  z  ὒὒὒὒ(1 + ὍὍὍὍ) 

 
Eqn. 1 

 

 
 

AASHTO rating factors tend to be conservative because the derivation of the live load 

utilizes girder distribution factors (GDFs or DFs). GDFs are intentionally conservative because 

they are primarily intended to facilitate new design and employ semi-empirical equations that 

must reasonably represent a wide variety of bridge geometries. Furthermore, AASHTO code 

neglects some bridge parameters and behavior such as additional stiffness provided by parapets 

and bridge rails, unintended composite behavior, and additional support restraint (i.e. rotational 

restraint at nominally simple supports). Since GDFs evaluate each girder as an element with 

approximated load demands, higher capacities can often be found when evaluating the bridge as 

a 3D system. 

An alternative way to attain a more accurate load rating is to perform diagnostic load 

tests. The AASHTO Manual for Bridge Evaluation (2013) provides a procedure for adjusting 

analytic load ratings based on diagnostic tests, and will be discussed in Chapter 8. Load tests 

reveal live load effects induced in bridge elements by known load magnitudes and placements 

acting on a bridge. One of the primary benefits of a load test is to capture structural system 

response, thereby reducing biases introduced by AASHTO GDFs. 

Most bridge tests are non-destructive tests. Destructive tests are performed in research 

labs or on decommissioned bridges in the field to understand how bridge structures behave as the 

load approaches the ultimate capacity. Diagnostic tests can be performed at a reliably safe load, 



 

so that damage to the bridge is highly unlikely. Results of diagnostic tests can be used to 

calibrate a theoretical prediction of structural response to live loads. Diagnostic tests can be static 

or moving load tests, depending on the engineerôs goals. 

Alternatively, a proof test can be performed at a higher load level, by testing a bridge 

until a target load is reached or the bridge shows signs of distress. Since the load incrementally 

increases closer to the bridge capacity, damage into the structure is much more likely than a 

diagnostic load test. For this reason, the testing team must be highly qualified and carefully 

calculate the appropriate proof load before such a test can be performed. 

Finite element analysis (FEA) is a powerful tool that can be used to assess more accurate 

load ratings. However, FEA takes a considerable amount of time and expertise, as well as 

investment in analysis software to develop accurate models. Artificial neural networks (ANNs) 

present an appealing supplementary option to complement AASHTO- and FEA-based 

computational load ratings. With the increasing accessibility of ANNs in commercial computing 

software, ANNs have recently been implemented to address an extensive range of complex 

problems in engineering. The primary benefit of using artificial neural networks is that, after 

initial development and calibration, ANNs can quickly provide reliable predictions for complex 

phenomena from readily available known parameter inputs. ANNs implemented in structural 

engineering do not formulate predictions explicitly from mechanics or advanced structural 

analysis. Instead, ANNs formulate predictions implicitly by using relationships detected during 

training, mimicking the human heuristic thought process. 

Typical ANNs in engineering employ a multi-layered feedforward architecture. Multi - 

layer refers to layers of nodes in between the input and output. All of the nodes from one layer 

are connected to all of the nodes in the next layer by weighted connections. The weights and 



 

biases of the nodes are established and refined during the training of the ANN. The ANN is 

trained by comparing the desired prediction and the actual ANN prediction. The difference 

between the ANN prediction and desired prediction is the error. As the ANN trains, the error 

backpropagates through the node connections and adjusts weights and biases to iteratively 

mitigate and minimize prediction errors. 

In this project, ANNs were trained to predict FEA-based 3D structural system live load 

effects. The significance of this project is that bridges that are load posted can be load rated by 

using the ANN predictions to determine whether the investment of more rigorous structural 

analysis and/or field testing would be warranted to remove load posting. 



 

2 Literature  Review 
 

2.1 Scope of Review 

 

The literature review for this study focused on the following topics: 

 

¶ AASHTO load rating specifications 

 

¶ AASTHO design specifications 

 

¶ Diagnostic field testing for bridges 

 

¶ Artificial neural network applications in civil engineering 

 

¶ Reliability analysis and calibration for structures 

 

This chapter contains a selected set of key references. Additional references are 

discussed in Appendix 11.1.1. 

2.2 Studies of Bridge Analysis and Load Ratings 

 

Armendariz, R.R. and Bowman, M.D., 2018, Bridge Load Rating 

 

 

The Indiana Department of Transportation (INDOT) was posed with the problem of 

determining bridge load ratings for bridges that had incomplete or no plans at all. The 

researchers formulated a general load rating plan that can be used for any bridge, regardless of 

how much information is known. The general procedure, shown in Figure 1, can be summarized 

by performing the following steps: 1) conduct a bridge characterization, 2) create a bridge 

database from the previous step, 3) conduct a field survey and inspection, and 4) perform the 

bridge load rating. INDOT provided the researchers with a list of bridges without plans. The list 

was made up of 53 bridges, 29 of which were bridges with soil covers. The proposed 

methodology for load rating the bridges was implemented for several bridges. 

The first bridge is a soil covered bridge made up of three corrugated metal pipes. Based 

on the field inspections and conservative estimates for the three corrugated steel deck pipes, 



 

AASHTO LRFR and LFR load ratings were calculated at inventory and operating rating levels, 

which were all above 1. 

The second bridge, referred to as the Doanôs Creek Bridge, was an earthen-filled concrete 

bridge. The bridge has two symmetrical arches with a pier in the middle that divides oncoming 

traffic. A SAP2000 model was created to capture axial and bending effects of the bridge. The 

model was created by dividing the arches in portions. The portions of the arches were 

approximated by straight frame element members. An interaction diagram was produced that 

described the failure bounds of the bridge. Finally, the bridge was also load tested with two 

trucks with strain gauge instrumentation on one of the concrete arches. The model and load test 

rating factors aligned closely, and showed that the bridge did not need a load posting. 

A third bridge, referred to as the Roaring Creek Bridge, was investigated as well. This 

bridge did have plans, however the open-spandrel reinforced concrete bridge was load posted 

based on simple analyses performed by INDOT. This bridge was studied more closely with the 

goal of removing the load posting. This bridge was load tested with two trucks and 

instrumentation located at the face of the floor beams. A variety of static load tests were 

performed to use recorded strains to determine elastic neutral axis locations and moments. A 3D 

FE model was made that used strain measurements from the test in ABAQUS. It was found that 

the simplified load rating methods used by INDOT were conservative. The measurements from 

the load test were used to find an experimental load rating that was high enough to remove the 

load posting. 



 

 

 

Figure 1. Flowchart of General Rating Procedure 



 

Hearn, G., NCHRP Synthesis 453, 2014, State Bridge Load Posting Processes and 

Practices 

 

 

This report gives a summary of the status of bridge load postings, load vehicle types, 

non-technical load rating processes, load posting signs, and fines associated with overweight 

vehicle violations. According to the report, ten percent of bridges and culverts in the U.S. are 

load posted, 77% of load posted bridges and culverts have unknown design live loads or were 

designed for live loads less than or equal to H15, and 95% of load posted structures are bridges, 

not culverts. The 10 most numerous structure types and the number of bridges posted is shown in 

Table 1. Many agencies have vehicles that are exempt from load postings, including vehicles that 

are related to agriculture, construction, firefighting, forest products, materials, and towing. 

 

 

Table 1. Ten Most Numerous Structure Types and Load Posting 
 

 

 

 

Condition ratings, load rating revaluations, load rating vehicles, load rating signs and 

installation, and excess weight fines are briefly summarized in the report. The report discusses 

ASR, LFR, and LRFR load rating methods and how they differ. The report claims that all of the 



 

states surveyed use beam line analysis for load rating, but that 24 of the 43 do refined analysis 

methods for some load rating computations. Of those 24 agencies, 18 of them perform refined 

analysis to avoid load postings, 14 of them do it for complex bridges, and six do it for both cases. 

Of the states surveyed, only 19 states used load tests for rating purposes. Of the states surveyed, 

22 states set load postings based on operating rating capacities, 5 set load postings based on 

inventory rating capacities, and 12 set load postings based on another rating. 4 states used Eqn. 2 

from AASHTO, to determine the safe posting load, where W is the gross weight of a rating 

vehicle and RF is the rating factor for the same vehicle. 

 

 ὡὡ 
ὛὛὛὛὛὛὛὛ ὖὖὖὖὖὖὖὖὖὖὖὖὖὖ ὒὒὖὖὛὛὒὒ =  (ὙὙὙὙ  0.3) 

0.7 

Eqn. 2 

 

 
 

Legal loads are established by the U.S. Code Title 23; however, states can establish their 

own legal loads. Code 23 has legal load limits of 20,000 lb. for single axle, 34,000 lb. for tandem 

axle, and 80,000 lb. for gross vehicle weight. However, legal loads are higher than one or more 

of the legal loads recommended by Code 23 in 32 states. Nebraska uses the Code 23 single axle 

and tandem axle limits. However, Nebraska uses 95,000 lb. as the gross vehicle weight 

maximum legal load instead of 80,000 lb. 

According to the report, states can issue overweight permits for vehicles that exceed the 

legal limit. Typically, overweight permits are issued for non-divisible weights and longer 

combination vehicles. Overweight permits can be issued for single trips or multiple trips. 

The following gaps in knowledge and needs for further research were identified by the 

author: effectiveness of decisions in load posting, effectiveness of quality control of load rating 

in load posting, effectiveness of implementation of load postings, effectiveness of load rating in 



 

load posting, hazard at un-rated structures, effectiveness of weight limit signs in restricting use of 

structures, effectiveness of communication of weight restrictions, effectiveness of maintenance 

of weight limit signs, effectiveness of enforcement, practices of local governments in load 

posting, and transience of load posting. 

2.3 Studies of Neural Networks in Engineering 

 

Sofi, F., 2017, Structural System-Based Evaluation of Steel Girder Highway Bridges 

and Artificial Neutral Network (ANN) Implementation fo r Bridge Asset Management 

 

 

Due to the conservative nature of AASHTO line girder rating methods, Sofi developed a 

methodology that provides a load rating prediction based on finite element modeling via ANN 

training. The bridge data in this study is made up of 61 bridges in Nebraska and 193 

hypothetically-generated bridges. The scope of the data is limited to single span, multi-girder 

composite bridges with a concrete deck. The hypothetically generated bridges were randomly 

made with the most economical rolled W-shapes being used that satisfies AASHTO design 

requirements. 

FEM was performed on ANSYS to obtain girder response to determine a more realistic 

live load effect that would be used to calculate a refined load rating. An Excel Visual Basic 

Application (VBA) was used in conjunction with the ANSYS capabilities to perform the 

analyses. This process modeling technique creates solid elements for the concrete slab. The 

girders were modeled as shell elements and the cross frames at supports were modeled with 

Timoshenko beam elements. The bridges in this study were modeled to act compositely by using 

multipoint constraint (MPC) rigid beam elements. The modeling process used in this study 

matched with the results of a full-scale ultimate load test on a simply supported model bridge at 



 

the University of Nebraska-Lincoln (Kathol et al.1995) and The Elk River Bridge ultimate load 

test performed in Tennessee (Burdette and Goodpasture 1971). 

The bridge tested at the University of Nebraska-Lincoln, referred to as the Nebraska 

Bridge, was a steel girder composite bridge with a reinforced concrete deck that was designed in 

accordance with AASHTO LFD (AASHTO 1992). The test was performed to investigate the 

load-carrying capacity of the superstructure. Truck loads were applied with post-tensioning rods 

in 12 locations to simulate two HS-20 design trucks. The longitudinal spacing of the loads was 

12 ft. and 15 ft., instead of 14 ft. axle spacing, to match the laboratoryôs strong floor hole 

locations. The bridgeôs geometry and loading configuration is shown in Figure 2. 

Loads were applied in increments of HS-20 trucks (8 kip front axle and 32 kips on middle 

and back axle). The bridge experienced its first yield after an equivalent weight of 9 HS-20 

trucks (648 kips). The exterior girders yielded after an equivalent weight of 12 HS-20 trucks (864 

kips). The test came to an end due to local punching shear failure in the concrete after the 

equivalent weight of 16 HS-20 (1,152 kips) was applied. Girder deflection comparisons between 

the lab test documentation and the developed models are shown in Figure 3. The maximum 

interior girder deflection error was 8%, but the mean absolute percent difference was 4%. Sofi 

claims, ñThe discrepancy between the load-deflection curve results for the interior girder was 

attributed to residual stresses in the steel-plate girders and precomposite dead load-induced 

stresses unaccounted for in the analytical model, which would cause an earlier onset of 

inelasticity in the girders than predicted by the FE model.ò 



 

 

 

 

Figure 2. Nebraska Bridge Ultimate Load Test: (a) Cross section; (b) Loading Configuration 
 

 
 

 

 

Figure 3. Nebraska Bridge FE Model Comparison with Load Test Results: (a) Interior Girder 

Deflection; (b) Girder-Deflection Profile at Midspan 

 
Discrepancies between the exterior girder deflections were attributed to a higher stiffness 

in the experimental exterior girders due to the parapets not being modeled in ANSYS. The 



 

difference in deflections became more pronounced at higher loads because more of the loads 

were distributed to the exterior girders as the interior girders reached their plastic limit. 

Once the FEM methodology was validated, the live load distribution of the 243 bridges 

was used to update load rating predictions and train the ANNs. 10 governing bridge parameters 

were determined for ANN training. The governing parameters and their effective ranges are 

shown in Table 2. The ANNs in this study were trained to map the 10 governing inputs to the 

inventory rating factor of an HS-20 truck. Single ANNs were optimized by creating ANNs with 

single or two hidden layers, 2-10 nodes per hidden layer, and either Bayesian-Regularization or 

Levenberg Marquardt training algorithms. The ANNs were made with 250 retraining iterations 

to ensure a low mean square error. 15% of the design set was randomly selected for testing. In 

addition to the 15%, a reduced design set size was used to ensure additional bridges could test 

the efficacy of the ANN prediction. The ANNs with the best performance were found to have an 

average absolute error between 6 and 7%. 

A shortcoming of a single network is that the error associated for one bridge may be high 

even though the average error is low. To mitigate this error, Sofi produced committee networks 

that are made up of subcommittee networks. Subcommittee networks are multiple ANNs of the 

same architecture. Combined with other subcommittees, the committee network should produce 

a more robust prediction than a single network. The committee networks produced slightly better 

predictions on average than the single-best-network. The committee networks and single-best- 

network had a coefficient-of-correlation with the FEM data of 0.967 and 0.955, respectively. 



 

Table 2. Governing Parameters and their Effective Ranges 

 

 

 

 

 
The FEM load ratings produced rating factors that were on average 27% higher than 

AASHTO. Due to the close agreement between the ANN predictions and the FEM load ratings, 

Sofi proposes a user application procedure that could be implemented at state agencies. 

The first step of the proposed procedure is to create a reliable ANN. Next, the weights 

and biases should be copied into a spreadsheet where the ANN prediction calculations and 

nonlinear transfer functions can be programmed. These calculations should be intended to be in 

hidden sheets so that the user does not have to interact with them. The spreadsheet should prompt 

the user for the ten governing parameters, normalize the inputs, perform calculations and transfer 

functions, reverse the normalization, and produce a load rating prediction. Finally, the user 

should check the applicability of the prediction by ensuring that the governing parameter are 



 

within the design set scatterplot boundaries, otherwise, the ANN would be extrapolating beyond 

its initial training scope. 

2.4 Studies of Structural Reliability  

 

Nowak, A.J., 1999, NCHRP Report 368, Calibration of LRFD Bridge Design Code 

 

 

The motivation for this research was to produce a bridge design code that is based on 

probabilistic design. LRFD was created to provide a consistent a ñuniform safety levelò for 

bridges ï an attribute of LRFD that is not shared with the Allowable Stress Method or Load 

Factor Design. The probability of failure is described by the reliability index, ɓ, which is shown 

in Eqn. 3. The reliability index is the inverse standard normal distribution function of the 

probability of failure. The formula for the reliability index is a function of the nominal resistance 

(Rn), the resistance bias factor (ɚR), the resistance coefficient of variation (VR), the mean load 

(ɛQ), the standard deviation of load (ůQ), and the parameter k which depends on the location of 

the design point. Typically, k is taken as 2. 

 

 
ὙὙὲὲ‗‗ὙὙ(1  ὯὯὠὠὙὙ )[1  ln(1  ὯὯὠὠὙὙ )]  ‘‘ὗὗ 

 =     

[ὙὙὲὲὠὠὙὙ ‗‗ὙὙ(1  ὯὯὠὠὙὙ )]2  +  „„ὗὗ 2 

 

Eqn. 3 

 

 

 

A visual representation of the probability failure is shown in Figure 4. The probability of 

failure and its corresponding reliability index is shown in Table 3. 



 

 

 

 

Figure 4. Probability Distribution Functions (PDF) of Load, Resistance, and Safety Reserve 

 

 
Table 3. Probability of Failure and ɓ. 

 

 

 

 

The inconsistent reliability indices are illustrated in Figure 5, Figure 6, Figure 7, and 

Figure 8. It can be seen that by using the contemporary code, reliability is not consistent for 

varying span lengths nor girder spacings. 



 

 

 

 

Figure 5. Reliability Indices for Contemporary AASHTO; Simple Span Moment in 

Noncomposite Steel Girders 

 
 

 

 

Figure 6. Reliability Indices for Contemporary AASHTO; Simple Span Moment in Composite 

Steel Girders 



 

 

 

 

Figure 7. Reliability Indices for Contemporary AASHTO; Simple Span Moment in Reinforced 

Concrete T-Beams 

 

 

Figure 8. Reliability Indices for Contemporary AASHTO; Simple Span Moment in Prestressed 

Concrete Girders 



 

The calibration procedure for LRFD is broken down into six steps described below. 

 

1. Bridge Selection 

 

Roughly 200 bridges were selected from various places in the United States. An 

emphasis was placed on contemporary and future trends instead of focusing on old 

bridges. Load effects and capacities were evaluated. 

2. Establishing the Statistical Data Base for Load and Resistance Parameters 

Load data was gathered from surveys, measurements, and weigh-in-motion (WIM) 

data. Since there is little field data for dynamic loads, a numerical procedure was 

created to simulate data. As for the resistance parameters, material and component 

tests were performed. 

3. Development of Load and Resistance Models 

 

Cumulative Distribution Functions (CDF) were found for loads by using the available 

statistical data base. Live load models were created with single and multiple adjacent 

trucks on the bridge that account for multilane reduction factors for wide bridges. 

4. Development of the Reliability Analysis Procedure 

 

Limit states were used to assess the probability of failure and realibility index, ɓT, 

based off of the Rackwitz and Fiessler procedure. 

5. Selection of the Target Reliability Index 

 

A target reliability index, which corresponds to a target probability of failure, is 

selected. 

6. Calculation of Load and Resistance Factors 

 

Based off of the target reliability selected in the previous step, load factors, ɔ, and 

resistance factors, ◖, are calculated. Based off of this procedure, a target reliability set 



 

at 3.5, and k being equal to 2, load and reliability factors were found. The dead load 

factor was found to be 1.25 while the asphalt dead load factor was 1.5. The live load 

factor was found to be approximately 1.6, but a more conservative value of 1.7 was 

proposed for the LRFD code. 

Suggested research topics include creating a large and reliable WIM data base, creating a 

data base for bridge dynamic loads, further development of serviceability criteria, performing 

calibration on timber structures, performing calibration on substructures, creating more bridge 

component test data, creating load models for wind, earthquake, temperature and other load 

combinations, and investigating how to incorporate bridge component deterioration into the 

code. 

Moses, F., 2001, NCHRP Report 454, Calibration of Load Factors for LRFR Bridge 

Evaluation 

 

 

The purpose of this report was to provide the rationale behind the live load factors 

incorporated to the then proposed AASHTO Manual for Condition Evaluation and Load and 

Resistance Factor Rating of Highway Bridges. More specifically, the report presents 

recommendations for legal load rating analysis and permit loadings and postings. 

The goal of this project was to select load and resistance factors that correspond to a 

uniform reliability index. The calibration process was similar to the NCHRP Report 368 (Nowak 

1999). First, limit states were checked. The standard limit state function, g, is a function of 

random variables. The random variables that the limit state function depends on are resistance, 

R, dead load effect, D, and live load effect, L. The limit state function is shown below in Eqn. 4. 

 

 

ὖὖ(ὙὙ, ὈὈ, ὒὒ) =  ὙὙ  ὈὈ  ὒὒ =  0 Eqn. 4 



 

Next, the random variables in the limit state function are defined. After that, load and 

resistance data is gathered for the calibration process. At a minimum, each variable should have 

a coefficient of variation (COV), which describes the ñscatter of the variableò, and a bias factor, 

which is the ratio of mean value to the nominal design value. Finally, a target reliability index is 

selected and the load and resistance factors can be determined. 

The report notes that the NCHRP Report 368 (Nowak 1999) does not specify whether or 

not site-to-site uncertainties are considered for load intensities. That report used the average beta 

value from a database using designs that correspond to an extreme loading situation for a very 

heavy truck volume and weight distribution. However, bridges with lower traffic volumes are 

expected to have higher reliability indices. Another interpretation is that they did include site-to- 

site variability. If site-to-site variations are included in the calibration effort and the bias of the 

extreme loading intensity with respect to average site loading intensity were included, then the 

target beta of 3.5 would be the average beta of all the bridges. Some bridges would have higher 

and lower betas than this. 

This report claims that they adopted site-to-site variabilities by modeling the live load 

COV. Furthermore, they used site-specific information such as traffic volume (ADTT) and 

weight intensities when the data was available. 

The data from NCHRP Report 368 was used in this study to find equivalent weight 

parameters. However, due to the data being recorded for two weeks, heavy trucks avoiding static 

weight stations, and truck weights changing over time, the researchers decided to consider site- 

to-site variability and load growth as random variables in this project. 



 

In this research, an operating target beta of 2.5 was used instead of 3.5 for inventory. The 

reason this is the case is because the 2.5 target beta reflects component failure, not system 

failure. 

Based off of the statistical parameters shown in Table 4, partial safety factors were 

determined from ranging live-to-dead-load ratios from 0.5 to 2. They found that the required live 

load factor ranged between 1.65 and 1.77 for a reliability index that corresponds to inventory 

level rating. For operating level rating, the live load factor ranged between 1.28 and 1.35 for the 

same live-to-dead-load ratio range. A conservative operating live load factor of 1.35 was 

recommended by the researchers. 

 

 

Table 4. Statistics for Safety Index Computations 

 

Case Bias COV Distribution  

Dead Load 1.04 8% Normal 

Live Load 1.00 18% Lognormal 

Resistance 1.12 10% Normal 
   

  



 

2.5 Studies of Load Testing 

 

Peiris, A., Harik, I., 2019, Bridge Load Testing Versus Bridge Load Rating 

 

 

Sensormateôs QE-1010 magnetic strain gauge and BDI ST350 strain gauges were 

evaluated and compared to traditional foil-type strain gauges. The two data acquisition systems 

were used to instrument members that were also instrumented by foil-type gauges in tensile and 

flexural laboratory tests. It was found that both systems performed adequately except for the 

magnetic strain gauge system because they slipped at strains higher than 400 microstrain. The 

magnetic strain gauge system was used to test a steel girder bridge referred to as the Lewis 

County Bridge and data was compared to that of foil gauges. The two systems had similar strain 

profiles, shown in Figure 9, that were interpreted as the bridge performing noncompositely. 

However, load rating benefits were found since the abutments behave more like fixed supports 

than simple supports. 

 

 

Figure 9. Lewis County Bridge Load Test Strain Data 



 

The Hardin County Bridge was tested using both foil gauges and BDI strain transducers. 

This test revealed that this bridge benefits largely due to partial composite behavior, illustrated in 

Figure 10. Although the bridge was performing partially composite, the researchers assumed that 

the bridgeôs behavior could be scaled up by 33% since the steel had not yielded yet. It is a well 

known that the degree partial composite behavior can decrease as elastic yielding is approached. 

 

 

Figure 10. Hardin County Bridge Load Test Strain Data 

 

 

 

Both bridges showed significant load carrying capacity benefits in the load test. However, 

only the Hardin bridge had a load test rating factor that is above 1. The load rating findings are 

summarized below in Table 5. 



 

Table 5. Load Rating Results 

 

 

 

 
 

Hosteng, T., and Phares, B., 2013, Demonstration of Load Rating Capabilities 

Through Physical Load Testing: Sioux County Bridge Case Study 

 

 

Researchers performed load tests on a two-lane, three-span, continuous steel girder 

bridge built in 1939. Strain transducers were placed at the top and bottom flanges in locations 

specified in Figure 11. All of the load tests were performed at crawl speed. The truck locations 

are shown Figure 12. Two runs were performed to verify the data. Distribution factors were 

estimated by taking the ratio of girder strains to the girder strains experienced by all of the 

girders. The researchers found distribution factors significantly lower than what AASHTO 

prescribes. 

By using the strain data, the researchers developed a two-dimensional FEM to perform 

LFR load rating analyses on AASHTO rating vehicles. The FEM software that the researchers 

used is BDI WinGEN and WinSAC was used to do structural analysis and data correlation. 

WinSAC was used to perform analysis at incremental locations of the truck load. The calibration 

procedure was done by modifying material properties and stiffnesses until an adequate level of 

agreement was reached. The calibrated model had a coefficient of correlation of 0.9762. An 

example of strain comparisons between the analytical model and the field strains is shown in 

Figure 13. 



 

The operating load ratings for all of the analyses were found to be greater than one 

despite the bridge being load posted. A summary of the bridge critical rating factors is shown in 

Table 6. 

 
 

 

 

Figure 11. Sioux County Bridge Plan View of Strain Transducer Locations 
 

 
 

 

 

Figure 12. Sioux County Bridge Transverse Load Position 



 

 

 

 

Figure 13. Sioux County Bridge Strain Comparison of G6 on LC3 

 

 
Table 6. Sioux County Bridge Critical Rating Factors 

 

 



 

3 Objective and Scope 
 

3.1 Research Objective 

 

The objective of this research project was to augment and extend existing ANNs that 

predict the load rating of steel-girder bridges. The ANN modifications include: 

V replacing hypothetical bridge ANN training data with additional existing 

Nebraska bridge training data, 

V reconfiguring existing ANNs to predict AASHTO truck live load effects rather 

than load ratings, and 

V accounting for ANN uncertainty in the load rating predictions. 

 

This research was performed with the goal of providing a tool that could be used as a 

supplement to existing tools available to load rating engineers at the Nebraska Department of 

Transportation (NDOT). 

3.2 Research Scope 

 

This research aimed to address bridges in fair or better condition, for which no penalties 

would be required to represent deterioration. Since ANNs were trained using the results of 

FEMs, the scope of the project is limited by the ranges of attributes represented by the bridges 

selected for FEM analyses. The bridges selected for training were simple span, steel girder 

bridges in Nebraska. All bridges were assumed to be composite with concrete decks at the outset 

of the study, although discussions with state and county bridge engineers during the study 

revealed that this assumption is not entirely valid. Additional discussion related to composite 

effectiveness is included with Chapter 8 ï Field Testing Case Study. 

Ten bridge parameters were used to predict live load distribution factors using ANNs, 

similarly to Sofi (2017). Sofi selected these parameters because they were believed to be 



 

influential to live load distribution behavior and load rating. In order for ANN predictions to be 

reliable, inputs should be similar to those used in training to avoid extrapolation. ANNs were 

trained using only data that excluded outliers (refer to the chapter discussing Finite Element 

Modeling), with some bridges identified as outliers for moment but not shear, or vice versa. 

Accordingly, ANNs used to estimate moment and shear rating factors have slightly different 

ranges of application reflecting the characteristics of bridges comprising the respective training 

bridge populations. Moment GDF ANN and shear GDF ANN ranges of applicability are shown 

below in Table 7. It should be noted that these are ranges for each individual attribute, but that 

users should always verify that their inputs are within the scatter of training data shown in 

Chapter 6. 



 

Table 7. ANN Governing Parametersô Effective Ranges 

 

Bridge Parameters 
Effective Range for 

Moment GDF ANNs 

Effective Range for 

Shear GDF ANNs 

Span Length (L) 20-81.6 ft 

Girder Spacing (s) 32-99 in 32-92.5 in 

Longitudinal Stiffness (Kg) 11,900-346,225 in4
 7,540.6-415,400.16 in4

 

Cross Frames Present or Absent 

Number of Girders (nb) 4-11 

Skew Angle (Ŭ) 0-45° 

Barrier Distance (de) (-) 4.5-31.25 in (-) 4.5-32 in 

Deck Thickness (ts) 5-9 in 5-8 in 

Concrete Compressive Strength (fcô) 2.5-4 ksi 

Steel Yield Stress (fy) 30-50 ksi 

 
 

Lastly, reliability calibration was performed to augment the AASHTO LRFR paradigm to 

account for additional live load uncertainty introduced by ANNs. This study was limited to 

consider only the AASHTO LRFR Strength I limit state. The general methodology could be 

implemented with other similar reliability frameworks or limit states. Neither AASHTO LFR nor 

AASHTO LRFR Serviceability limit states were calibrated for a target reliability. The developed 

FEA-based GDFs represent linear elastic structural behavior and are theoretically representative 

of Serviceability conditions, but it is not possible to rationally state a recommendation for 

reliability-calibrated Serviceability GDFs, because Serviceability limit states fundamentally are 

not reliability-targeted. Extrapolation to LFR was considered, but only on an approximate basis. 



 

4 Bridge Population 

 

4.1 Background and Previous Work  

 

Sofiôs goal (2017) was to create ANNs that could accurately predict the inventory load 

rating of a bridge based on 10 governing parameters that are representative of bridge behavior. In 

order to create ANNs, the 10 governing parameters need target values. For Sofi, every bridgeôs 

10 governing parameters use the inventory rating factor based on FEM load distribution as 

targets. Before ANN training, bridges needed to be identified and modeled to provide a refined 

rating factor. The previous work by Sofi, excluding outliers that were not used in ANN training, 

included 61 real bridges supplemented with 193 hypothetical bridges efficiently designed 

according to current AASHTO LRFD criteria. Sofiôs pilot study created and used hypothetical 

bridges because retrieving bridge data from DOT records is time-consuming, and Sofiôs work 

focused on FEA and ANN development. Reasonable designs could by generated from 

hypothetical combinations of governing parameters, allowing Sofi to devote the requisite time 

for foundational FEA and ANN development and calibration. NDOT bridge documentation often 

provides only measurement plans. This documentation can be illegible, unclearly organized, or 

can exclude critical information. Figures 14 through 17 show example measurements available 

from NDOT for Bridge C007805310P. 



 

 

 

Figure 14. Bridge C007805310P Transverse Measurements 
 

 

 

Figure 15. Bridge C007805310P Girder Measurements 



 

 

 

Figure 16. Bridge C007805310P Longitudinal Measurements 



 

 

 

Figure 17. Bridge C007805310P Deck Measurements 
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4.2 Bridge Population Modifications 

 

The present study included the collection of additional real bridges, allowing hypothetical 

bridges to be excluded this study to avoid potential bias. 74 Nebraska bridge parameters were 

made available from Sofiôs preliminary pilot study (2017). NDOT aided in retrieving bridge 

measurement plans and design drawings for 100 additional bridges. The bridges provided from 

NDOT all have load restrictions, are not fracture critical, and have decks, superstructures, and 

substructures that have a condition rating of 5 (Fair) or better. Most governing parameter and 

FEA modeling data were obtained from drawings showing field measurements taken after the 

bridgesô construction. Because of this, details such as presence of composite shear studs or 

material properties were often undocumented. In such cases, AASHTO 2nd Edition MBE 

(AASHTO 2013) Tables 6A.5.2.1-1 and 6A.6.2.1-1 were used to select assumed minimum 

compressive strengths and steel yield strengths, respectively, based on year of construction. 

4.3 Bridge Parametric Data 

 

The bridge acquisition task revealed characteristics about single-span bridges in 

Nebraska. 80% of the bridges were straight and 78% had an assumed concrete compressive 

strength of 3 ksi. 78% of the bridges had between five and seven girders, with 76% of girder 

spacings between 3 ft and 6 ft, and 90% of the bridges span less than 60 ft. Histograms that 

illustrate the study populationôs governing parameters are shown in Figures 18 to 27. Appendix 

11.1.3.1 includes all of the individual bridge characteristics. 
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Figure 18. Histogram of Bridge Lengths 
 

 
 

 

 

Figure 19. Histogram of Girder Spacings 
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Figure 20. Histogram of Longitudinal Stiffnesses 
 

 
 

 

 

Figure 21. Histogram of Numbers of Girders 








































































































































































































































































































































































































































































































































